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Imposing an external magnetic field in short-pulse intense laser-plasma interaction is of broad
scientific interest in related plasma research areas. We propose a simple method using a virtual
current layer by introducing an extra current density term to simulate the external magnetic field,
and demonstrate it with three-dimensional particle-in-cell simulations. The field distribution and
its evolution in sub-picosecond time scale are obtained. The magnetization process takes a much
longer time than that of laser-plasma interaction due to plasma diamagnetism arising from collective
response. The long-time evolution of magnetic diffusion and diamagnetic current can be predicted
based on a simplified analytic model in combination with simulations.
From irradiation of a capacitor-coil target with an in-
tense laser, kilotesla or higher magnetic fields have been
generated [1–4]. The effect of such strong external mag-
netic fields (EMFs) in laser-induced high energy density
plasmas (HEDPs) has been theoretically and experimen-
tally investigated, such as in the propagation of energetic
particles [5–13], modification of the plasma conductivity
[14, 15], magnetic reconnection [16], laboratory astro-
physics [17–19], material science [20, 21], etc. In these
studies, particle-in-cell (PIC) simulations played an im-
portant role in predicting and explaining the found phe-
nomena.
In most existing PIC simulations involving magnetized
plasmas in short-pulse laser-plasma interactions (SLPI),
EMFs are introduced by directly assigning matrices of a
pre-set magnetic field, and no check is made to ensure
that the plasma-vacuum boundary conditions are satis-
fied. Therefore, a plasma particle is usually set to expe-
rience the same B field as it does in the vacuum. The
interplay between EMF evolution and plasma response is
thus ignored.
Since diamagnetism originating from collective re-
sponse to the EMF is a fundamental property of plasmas
exposed to the latter [22], the magnitude and configu-
ration of the latter inside the plasma may not be arbi-
trary. Therefore, the field felt by plasma particles shall
deviate from its vacuum value, which however can not
be correctly described by conventional simulations. Re-
cent studies showed that magnetic field penetration into
an unmagnetized plasma is on the nanosecond (ns) time
scale [10, 11, 23]. On the other hand, typical SLPI take
place within the scale of picoseconds (ps) or less. Such
a large time scale gap suggests that a proper modeling
of EMFs is of great necessity to clarify the field distri-
bution and its evolution with sub-picosecond temporal
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resolution. This is especially important for the EMF ap-
plications in various contexts such as nuclear fusion and
laboratory astrophysics.
In this Letter, we propose a simple approach to con-
sider the EMF in short-pulse intense laser-plasma inter-
action. Unlike previous models, a virtual external cur-
rent layer is introduced as the EMF source. It resembles
the capacitor-coil target configuration for generating kilo-
tesla magnetic fields in experiments [1–4]. As indicated
in Fig. 1(a), a cylindrical plasma is located in the hol-
low of a concentric azimuthal current. In this way, we
can investigate the EMF evolution and its coupling with
plasmas self-consistently, resulting in resolving the field
distribution and its evolution in sub-picosecond.
Our scheme is illustrated by three-dimensional (3D)
particle-in-cell (PIC) code EPOCH3D [24] with appro-
priate modifications. The current density after a stan-
dard PIC loop is updated by introducing an extra term
which can be tuned in order to get the desired EMF.
The electric and magnetic fields are then updated by the
field solver using a Yee staggered Finite-Difference Time-
Domain scheme [24]. The simulation configuration (Case
1) is visualized in Fig. 1 (a). The Cu2+ plasma is R = 5
µm in radius and L = 20 µm in length, with electron and
ions densities ne0 = 20nc and ni0 = 10nc, respectively,
where nc ∼ 1.1×1021 cm−3/λ2L is the critical density and
λL the incident laser wavelength in units of µm. The ini-
tial electron temperature is Te0 = 100 eV, and the ion
temperature Ti0 = 10 eV. The cylindrical current layer is
0.5 µm thick and 29 µm long. The current density rises
linearly from 0 to 1×1016 A/m2 in 20 fs and remains con-
stant thereafter. Thus, without the plasma the current
layer would generate a uniform axial magnetic field of
6240 T in the cylindrical hollow, as shown in the inset of
Fig. 1. A y-polarized Gaussian laser pulse of λL = 1.06
µm, peak intensity 3 × 1019 W/cm2, FWHM spotsize
r0 = 3.3 µm, and duration 420 fs, is normally incident
from the left boundary (at x = −3 µm) 85 fs after the
current in the layer attains its maximum. The laser has a
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FIG. 1. (a) Case 1, for the proposed scheme. The grey hol-
low cylinder with the blue arrows show the virtual current
layer and the direction of the current, respectively. The in-
set in (a) shows the evolution of the current density and the
induced magnetic field in the absence of plasma. (b) Case 2
for plasma with imbedded axial magnetic field. Results of the
3D-PIC simulations: the isosurfaces of electron energy den-
sity at t = 330 fs for (c) Case 1 and (d) Case 2. The isovalue
is normalized to 1.15MeVnc and the color depicts the mean
electron energy density on each of the (y, z) planes. The pro-
jection of the z = 0 plane at the bottom shows the spatial
electron energy density distributions in arbitrary units, and
the magenta curves show the transverse profiles of the electron
energy density at x = 5 and 15 µm.
flat-top temporal profile, after a 17.5 fs rising time. The
simulation box is of size Lx×Ly×Lz = 26×14×14 µm3,
with 1143 × 795 × 795 grids and 4 macro electrons and
2 macro ions per cell. For comparison, Fig. 1(b) shows
a conventional simulation configuration (Case 2), which
starts with a fully magnetized plasma with uniform axial
EMF B0x,ext = 6240 T, using the standard “fields block”
in EPOCH3D [24]. The other parameters are also the
same as these in Case 1.
Figures 1(c) and (d) show the energy density of the
intense laser-produced energetic electrons at t = 330 fs
for the Cases 1 and 2, respectively. Obvious difference
between them can be found. Fig. 1(c) for Case 1 shows
that the energetic electrons remain mainly near the tar-
get front surface, and the electron energy density (EED)
profile has a transverse FWHM close to the laser spot-
size. The EED gradually broadens and becomes nearly
homogeneous inside the plasma, as indicated by the ma-
genta curves at x = 5 and 15 µm. At x = 5 µm, the
EED at the center (within the laser spot area) accounts
for 20.8% of the total EED on the (y, z) plane, but drops
to 11.7% at x = 15 µm since the electrons diverge as
they propagate forward. On the other hand, Fig. 1(d)
for Case 2 shows that the laser-accelerated electrons are
well guided by the embedded magnetic field as they prop-
agate deep into the plasma. The transverse EED profile
also remains Gaussian-like, with FWHM around 3.4 µm.
At x = 5 µm, the EED within the laser spot area ac-
counts for 64.3% of the total, and it only drops to 60.5%
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FIG. 2. Results of the 3D-PIC simulations. Magnetic field
Bx profiles on the z = 0 plane at t = 330 fs for (a) Case 1
and (b) Case 2. The black curves in (a) and (b) show the
transverse profiles of Bx at x = 10 µm. Enlargements of
the Bx transverse profiles at x = 10 µm for (c) Case 1 and
(d) Case 2. The green dash lines mark the plasma-vacuum
boundary. The trajectories of 7 typical electrons in (e) Case
1 and (f) Case 2.
at x = 15 µm. The trajectories of 7 typical electrons for
Cases 1 and 2 in Figs. 2(e) and (f), respectively, further
confirm these observations.
As expected, Figs. 2 (a) and (b) show that the mag-
netic field profiles are quite different for the two cases.
In Case 1, within the plasma there is effectively no mag-
netic field. The field drops from the vacuum value (6240
T) to about null within a boundary layer of thickness
less than 1 µm. In fact, the panels (a) and (c) indicate
that the magnetic field in the bulk plasma remains al-
most everywhere null throughout the simulation. The
dynamics of the laser-accelerated electrons is similar to
that in unmagnetized dense plasma [25], as can be seen
in the panel (e). On the other hand, in Case 2 the axial
magnetic field remains uniform in the plasma bulk. The
gyroradius of the affected electrons is roughly re ∼ 0.5
µm. Since re is much smaller than the plasma radius, the
electrons are well guided by the EMF, as can be seen in
the panel (f), as well as in Fig. 1(d). The results here,
especially the black curves for Bx in the panels (a) and
(b), show that the magnetic field induced by the laser-
driven electron beam does not significantly modify the
EMF, whose distribution is however very different in the
two cases.
It is interesting to note that the EMF for both cases
are identical in vacuum. However, the physically ex-
pected magnetic guiding effect which appeared in Case
2, did not take place in Case 1. The significant differ-
ences in the field distribution and electron dynamics can
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FIG. 3. Distribution of the azimuthal current density jφ in
A/m2 on the z = 0 plane at t = 330 fs for (a) Case 1 and
(b) Case 2. The red curves show the transverse profile of
jφ at x = 10 µm. The corresponding cross-sectional (y, z)
plane views are given in (c) and (d), and the black arrows on
the upper right corners indicate the positive jφ direction. (e)
Enlargement of a y > 0 section of the jφ versus y profile in
(c) for the Case 1, in the x = 10 µm plane at t = 140, 330,
and 520 fs. The vertical green dash line marks the plasma-
vacuum boundary. The inset shows the dependence of jφ,mean
on the thickness d of the diamagnetic current layer from the
analytical result based on Eq. (1), and the squares mark the
points corresponding to the different times.
be attributed to the simulation methods of modeling the
EMF. In Case 1 (using a virtual current layer), the mag-
netic field evolution and its interplay with plasmas can
be clearly observed. A further analysis will be followed.
In Case 2 (using a pre-set EMF), however, plasma is just
a collection of single particles moving under the EMF,
and collective plasma response is thus absent.
An azimuthal current layer can be observed at the
plasma-vacuum boundary for both cases, but with op-
posite directions, as shown in Figs. 3 (a)-(d). In Case 1,
the current layer is due to the diamagnetic current formed
in the plasma edge as a result of response of the plasma
particles to the EMF, and it acts to prevent penetration
of the magnetic field into the bulk plasma. The result
here agrees well with that from the plasma theory [22]
and experiments [26]. Comparison of Fig. 3(e) with Fig.
2(c) suggests that the thickness d of the diamagnetic cur-
rent layer matches that of the magnetic field penetration
into the plasma. Moreover, d increases, but the maxi-
mum value of the diamagnetic current density decreases,
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FIG. 4. (a) Evolution of the magnetic diffusion coefficient νm
as calculated from the simulation results for ne = 20nc and
Te = 100 eV. νm as a function of (b) the electron density for
Te = 100 eV and (c) the electron temperature for ne = 20nc.
(d) Evolution of the magnetic field obtained by numerically
solving Eqs. (2)-(4). The white curve shows the evolution of
Bx at the central axis y = 30 µm.
slowly with time. Assuming that the total magnetic field
at the center of the plasma remains null, we can obtain
an analytical expression for the mean value of the dia-
magnetic current density based on Biot-Savart law [27]
jφ,mean =
B0x,ext
µ0L ln
[ √
L2+R2+R√
L2+(R−d)2+R−d
]
,
(1)
which is shown in the inset of Fig. 3(e). These results
suggest that the virtual current approach should be use-
ful for simulating magnetization of dense plasmas.
It may thus be of interest to investigate in more de-
tail the characteristics of the magnetic diffusion in the
plasma. We therefore perform new simulation runs where
the irradiating intense laser is switched off to preclude the
effect of the laser pulse on the magnetic diffusion process.
The evolution of magnetic fields in plasma can roughly
be described by the diffusion equation [22] ∂B∂t = νm∇2B,
with νm representing the magnetic diffusion coefficient.
For simplicity, we consider a quasi one-dimensional ge-
ometry, such that the evolution of the diffusion process
can be approximated by
∂Bx
∂t
= νm
∂2Bx
∂y2
, (2)
with the boundary conditions
Bx(y = 0) = B0 and Bx(y = l) = B0, (3)
and initial conditions
Bx(y, t = 0) =
{
B0, y = 0 or y = l
0, 0 < y < l.
(4)
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FIG. 5. Evolution of (a) the diamagnetic current thickness
d(t) and (b) its mean value jφ,mean numerically calculated for
νm = 0.1 m
2/s. The insets show enlargements of the ini-
tial stage (light-blue areas) including PIC simulation results
(black dash curves).
Although the general solution of the above system is
readily available, for our purpose it is more convenient
to solve Eqs. (2)-(4) numerically using a finite differ-
ence method. The instantaneous value of the magnetic
diffusion coefficient νm can be numerically calculated by
carefully following the penetration, say a leading isosur-
face, of the diffusing magnetic field in the PIC simula-
tion. The resulting evolution of νm for the Case 1 is
given in Fig. 4(a). We see that νm fluctuates on the fs
timescale, but on longer timescales it has a well-defined
mean value, and that the mean field diffusion coefficient
is almost time independent. Accordingly, the magnetic
diffusion coefficient νm so obtained can be used to esti-
mate the behavior of the diffusion of EMFs into plasmas.
For the Case 1 (for ne = 20nc and Te = 100 eV), we
found νm ∼ 0.1 m/s2. We have also varied the initial
electron density (from 0.2nc to 100nc) and temperature
(from 1.0 eV to 1000 eV). Similar fluctuation behavior is
found (not shown) in all cases. Figs. 4(b) and (c) show
νm as function of the electron density and temperature,
respectively. We see that νm decreases with the increase
of ne, but is only weakly dependent on Te. This result is
quite different from that of collision dominated magnetic
diffusion, where according to the Spitzer-Harm theory
νm would depend mainly on the electron temperature
[23]. Such a discrepancy will be investigated in a future
work. Fig. 4(d) shows the evolution of the magnetic
field in a typical HEDP case of short-pulse laser-plasma
interaction as obtained from the numerical solution of
Eq. (2)-(4), with the plasma and external magnetic field
parameters the same as that in Case 1, except that the
transverse size l = 60 µm. For the calculation we have
used νm = 0.1 m/s
2. One can see that full magnetiza-
tion of the plasma occurs on the ns to 10 ns time scale,
consistent with that from hydrodynamic simulations and
some existing works [10, 11, 23]. From this point of view,
the model using the external field in Case 2 can also be
considered as a long-time stationary situation of Case 1,
where the plasma is fully magnetized and thus no dia-
magnetism is observed.
As discussed above, the diamagnetic current is strongly
correlated to the magnetic field diffusion. In Case 1, by
following the field evolution, we can deduce the evolution
of the diamagnetic current. Without loss of generality,
the thickness d(t) of the diamagnetic current layer is de-
fined as the distance in which the magnetic field drops to
10% of its initial value in the vacuum region. Fig. 5(a)
shows the evolution of d(t) as obtained by solving Eqs.
(2)-(4) numerically, with the boundary and initial condi-
tions the same as in the PIC simulations for Case 1. It
can be seen that d(t) increases with time, as to be ex-
pected, which suggests that it may be used to represent
the spatial extent of magnetization process, as a supple-
mentary to the ratio of cyclotron frequency and plasma
frequency commonly used in laboratory astrophysics [28].
From Eq. (1), one can then readily obtain the evolution
of the diamagnetic current density, which is shown in Fig.
5(b). We see that jφ,mean initially drops rapidly and then
decays in a rather slow rate. It is also noted that both
d(t) and jφ,mean and their behavior obtained numerically
agree well with that of the PIC simulation for the entire
simulation time (as shown in the insets in Figs. 5(a) and
(b)), which in a sense justifies our highly simplified an-
alytical model. The discrepancy for t < 200 fs can be
attributed to the uncertainty of the numerical boundary,
which however does not affect the later development.
In conclusion, we propose a simple method using a
virtual current layer to simulate the external magnetic
field in short-pulse laser-plasma interaction. 3D PIC
simulations show that the field distribution as well as its
evolution in sub-picosecond time scale can be obtained.
The typical magnetization process take places on ns
to 10 ns time scale due to plasma diamagnetism, long
after laser-plasma interaction has ended. The long-time
evolution of the magnetic diffusion and the diamagnetic
current is to be predicted by combining a simplified
analytical model and simulations. Our scheme can be
easily extended to arbitrary magnetic field configuration,
and should be useful in HEDP studies, especially nuclear
fusion, laboratory astrophysics, etc.
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